In this issue of Neuron, Manita et al. (2015) report that reciprocal excitatory interactions between higher-order frontal motor cortex and primary sensorimotor cortex might play a key role in hindlimb sensory perception in mice.
Sensory percepts are not out there in the world around us; rather, they are internal constructs, actively generated by neurons in the brain. Sensory perception can be viewed as an active process in which motor commands move sensors to selectively acquire sensory information as neurons actively construct subjective sensory percepts based on that information. For instance, humans actively initiate eye movements to foveate on specific parts of the visual world around us and palpate objects with hands and fingers to sense the texture and shape of objects. These internal motor commands control important aspects about what sensory information the brain will receive. This incoming sensory information is processed in a highly experience-dependent and context-dependent manner to give rise to our subjective reality. Subjective percepts are based not only on the current incoming sensory information, but also on expectations, current behavioral goals, and previous experiences in the near or distant past. Sensory percepts might operationally be considered as learned, context-dependent associations arising from sensorimotor interactions with our immediate environment. Thus, sensory perception, which at first glance seems intuitively simple, is in fact a very complex phenomenon. In order to understand sensory perception, we need to look closely at learning, context, and sensorimotor interactions. Given this complexity, one might suspect that interactions between many different brain areas, including at least sensory and motor cortices, might be of fundamental importance for sensory perception. In this issue of Neuron, Manita et al. (2015) find that interactions between higher-order frontal cortex and primary sensorimotor cortex appear to be necessary for accurate hindpaw tactile sensory perception in mice. Manita et al. (2015) use voltage-sensitive dye imaging of dorsal mouse cortex (Ferezou et al., 2007) to localize a region (M2) in frontal cortex activated by hindpaw stimulation in a manner dependent upon activity in hindpaw S1/M1 (hindpaw S1 and M1 are thought to be largely colocalized in rodents) ( Figure 1A ). Adenoassociated virus expressing GFP for anterograde tracing revealed direct excitatory projections from hindpaw S1/M1 to M2, which could mediate the sensory response in M2. However, in contrast to the 6 ms delay between activity in sensory and motor cortex upon whisker stimulation, consistent with a monosynaptic relay (Ferezou et al., 2007; Matyas et al., 2010) , the delay of the M2 response observed by Manita et al. (2015) was much longer (30 ms in voltage-sensitive dye imaging and 50 ms in electrophysiological recordings of action potential firing) ( Figure 1B ). The circuits functionally connecting hindpaw S1/M1 and M2 may therefore be more complex than monosynaptic excitation.
Having localized hindpaw M2, Manita et al. (2015) investigated the role of M2 in top-down control of sensory processing in S1/M1, with which it is reciprocally connected through long-range excitatory glutamatergic projections. The early activity evoked by hindlimb stimulation in S1/M1 was followed by a second late excitatory component, which could be suppressed by pharmacological inactivation of M2. The sequence of hindlimbevoked activity therefore appears to consist of at least three parts: (i) thalamocortical excitation of S1/M1, (ii) S1/ M1-dependent excitation of M2, and (iii) M2-dependent late secondary excitation of S1/M1 ( Figure 1B ). Such reverberant, recurrent excitatory activity between frontal and sensory cortex, long outlasting the sensory stimulus, might be a fundamental mechanism underlying the active construction of context-dependent sensory percepts. Indeed, late secondary depolarization in primary somatosensory barrel cortex correlates and causally contributes to subjective sensory percepts in a whisker-dependent task in mice (Sachidhanandam et al., 2013) . Furthermore, in monkeys performing a visual task, perceived stimuli were found to correlate with late activity in primary visual cortex, which was suppressed in trials where the same stimulus was not perceived (Supè r et al., 2001) . In humans, electroencephalogram recordings of early visual areas also indicate that late potentials correlate with consciously perceived stimuli (Del Cul et al., 2007) . It is thus tempting to speculate the general importance of late secondary potentials, resulting from reciprocal interactions between higher-order cortex and primary sensory cortex, for various forms of sensory perception in species ranging from mouse to human. Manita et al. (2015) further probed the cellular mechanisms underlying the M2 top-down control of S1/M1 activity. The axonal projection from M2 was densest in the most superficial outer layer of the neocortex, layer 1 (L1). This layer of the neocortex contains axons, GABAergic inhibitory neurons, and dendrites of excitatory pyramidal neurons. The activity of individual dendrites of layer 5 pyramidal neurons in L1 of S1/M1 was measured using two-photon calcium imaging (Xu et al., 2012) , while M2 was either inactivated or stimulated. The results of Manita et al. (2015) were consistent with regenerative dendritic events contributing to the late secondary excitation of S1/M1, primarily in layer 5 neurons, by excitatory L1 input from M2 ( Figure 1C ). Despite being strongly electrotonically attenuated, distal dendritic synaptic input can profoundly affect somatic action potential firing through local regenerative dendritic events such as NMDA spikes, sodium spikes, and calcium spikes (Larkum et al., 2009; Smith et al., 2013) .
Although most of the results from Manita et al. (2015) were obtained under anesthesia, the authors carried out an elegant series of experiments to test the hypothesis that M2 input to S1/M1 might contribute to sensory perception in behaving mice. The authors expressed a light-activated genetically encoded proton pump (ArchT) (Han et al., 2011) in M2 neurons. Upon light stimulation, ArchT transports protons out of the cell across the plasma membrane causing hyperpolarization. By selectively illuminating the axons of M2 neurons in S1/M1, the authors aimed to block action potential propagation and thus specifically inhibit the feedback from M2 to primary sensorimotor cortex. Using a wireless LED for rapid optogenetic inhibition, the authors studied the role of M2 topdown input to S1/M1 in a range of tactile sensory behaviors in freely moving mice. Optogenetic inhibition of M2 input to S1/M1 strongly reduced innate texture preference in mice exploring an environment with different texture surfaces. Inhibition of M2 inputs inhibited sensory-evoked hind-paw movements. In a texture discrimination task, mice showed reduced performance when top-down M2 axons were inhibited in S1/M1. Altogether, the behavioral data of Manita et al. (2015) suggest a profound role for top-down excitatory input from frontal cortex to primary sensorimotor cortex in behavioral readouts of sensory perception.
Top-down inputs onto primary sensory areas are supposed to modulate sensory processing according to context, learned experience, or behavioral state, thereby (A) Schematic drawing of a mouse brain indicating reciprocal excitatory synaptic connectivity between hindlimb primary sensorimotor cortex (S1/M1) and a frontal secondary motor area (M2). S2, secondary somatosensory cortex. (B) Schematic sequence of activity evoked by hindlimb stimulation. Early action potential (AP) firing in S1/M1 (red) is followed by firing of M2 neurons (blue) and then late firing in S1/M1. (C) Schematic drawing of the cortical circuit generating reverberating activity between S1/M1 and M2. Sensory-evoked activity in S1/M1 drives M2 neurons through feedforward connections. M2 drives S1/M1 through feedback connections in part located on the apical dendrites of layer 5 pyramidal cells in layer 1 (L1).
refining sensory processing to make it more relevant. Although Manita et al. (2015) clearly demonstrate the potential importance of M2 feedback for accurate sensory perception, it would be of great interest in future studies to determine to what extent this feedback is modulated by the behavioral context and whether the late sensory-evoked response in S1/ M1 correlates with behavior (Supè r et al., 2001; Del Cul et al., 2007; Sachidhanandam et al., 2013) . One might also speculate that other cortical areas may contribute to top-down modulation of S1. The secondary somatosensory area (S2) is also reciprocally connected to S1 . Different sensory information is relayed to M1 and S2 from S1 (Yamashita et al., 2013) , which could provide different feedback to S1 depending on the behavioral context. The role of other brain areas, such as thalamus (Gambino et al., 2014) or basal ganglia sensorimotor networks, should also be investigated. Perception is a complex, highly integrative and adaptive cognitive function, and we are only just beginning to define the underlying long-range circuitry (Xu et al., 2012; Yamashita et al., 2013; Guo et al., 2014; Zhang et al., 2014) .
